In this paper, a shaking table test was conducted to investigate the seismic response of the large-span and column-free subway station in the upper-soft and lower-hard strata. e acceleration of the structure and the soil, the dynamic soil pressure, and the strain response of the subway station were obtained and analyzed. e results demonstrate the reasonable test design as the boundary effect was eliminated. e seismic response of the structure and soil became more severe as the acceleration amplitude of the input motion increased. It is indicated that possible shear damage of the soil and irreversible plastic deformation of the structure might have occurred as the test proceeded. e soft clay had a greater effect on the structure than that of the artificial rock. For the model structure, the tensile strain amplitude in the support region was larger than that in the midspan region. e support regions of the roof slab, lateral wall, and middle slab were the vulnerable components of the model structure during earthquakes.
Introduction
With the merits of improving space utilization efficiency and architectural aesthetics, a new type of subway station, a large-span and column-free subway station, is to be built in Guangzhou Metro Line 11 for better services and more comfortable travel. e large-span and column-free subway station has a platform width larger than 10 m, in which the columns of the public area are eliminated, providing more space and visual enjoyment for passengers. However, as the large-span and column-free subway station is to be built in composite strata with an upper soft zone and lower hard zone (as shown in Figure 1 ), the lateral displacement of the station might be greater than that in single strata, which is a great threat to the station during earthquakes. us, the seismic performance of the station in composite strata remains uncertain. In addition, the existing research on that type of subway station is rare, and the design standards are far from meeting the construction requirements. Hence, the seismic performance of such a large-span and column-free subway station needs more attention. e collapse of the Daikai subway station during the Great Hanshin Earthquake [1] has attached more attention to the seismic performance of underground structures. Since then, a series of centrifuge and shaking table tests have been carried to understand the aseismic ability and damage mechanism of underground subway stations. Nishiyama et al. [2] proposed a three-level seismic design method for open-trench tunnels based on shaking table tests on subway tunnels and numerical analysis. Iwatate et al. [3, 4] conducted several shaking table tests on underground subway stations. It was contended that the Daikai subway station suffered great horizontal shear force from the surrounding soil, and shear failure caused the collapse of the columns after damage to the roof slab. Ohtomo et al. [5, 6] performed shaking table tests on underground reinforced concrete structures and believed that the deformation of the surrounding soil controlled the deformation of the underground structure. Moreover, through a shaking table test on an underground structure on a liquefiable foundation, Tamari and Towhata [7] verified that the seismic response of the liquefiable foundation-underground structure system was greatly affected by the natural vibration period of both the site and the underground structure as well as the swelling property of the backfill soil. Che et al. [8] conducted a shaking table test on buried culvert and found that the culvert was largely subjected to lateral earth pressure during an earthquake. Moss and Crosariol [9] performed a series of shaking table tests on the basis of tunnels in the Bay Area Rapid Transit System in San Francisco and compared the test results with the numerical analysis results, concluding that the existing design method overestimates the racking distortion of soft soil-rigid structures.
Furthermore, shaking table tests on different types of subway stations and soft or liquefiable soil sites are conducted to comprehensively understand the seismic performance of the subway stations. Chen et al. [10] [11] [12] [13] [14] carried out shaking table tests on the three-story three-span station and three-arch-type station under soft or liquefiable foundations. e failure mechanism and damage process of these stations under soft or liquefiable foundations were systemically revealed. In addition, macroscopic phenomena during an earthquake were perfectly reproduced, such as sand boil, surface crack on the ground, and uplift of the subway station. Tao et al. [15, 16] conducted shaking table tests on the twostory two-span station and Y-shaped column double-layer station and studied the seismic response of shallow-buried subway stations. Chen et al. [17] investigated the effect of pulse-like ground motion on a multistory subway station through shaking table tests, proposing that central columns with a large story height are vulnerable components of multistory subway stations. Zhuang et al. [18, 19] studied the seismic response of large underground structures buried in soft or liquefiable soil through a shaking table test and concluded that the soft or liquefiable soil and the subway station interacted with each other. Qin and Chouw [20] conducted the model test about the effect of structure-footing-soil interaction of the structures on both dry sand and saturated soils and found out that the mainshock and aftershock had quite a different effect on the response of the structures. Ma et al. [21] proposed a vibration reduction method for a subway station in soft ground according to the dynamic response of the stations and the surrounding structures.
Although numerous shaking table tests on subway stations have been conducted, model tests about the large-span and column-free subway station have not yet been conducted. In addition, the shaking table tests on subway stations in composite strata are rare. Hence, in this paper, a shaking table test was carried out on the large-span and column-free subway station in upper-soft and lower-hard composite strata to understand the seismic performance of that station.
e experimental setup and test design are explained. en, the test results are analyzed, including acceleration, dynamic soil pressure, and strain response. Table. e test was conducted using the shaking section of 120 mm × 60 mm and a wall thickness of 4 mm. e layers were connected through 4 roller bearings with a diameter of 80 mm, and the clearance between them was 10 mm. e layers could move relative to one another according to the deformation of the soils inside.
Experimental Setup

Shaking
To prevent large deformation of the bottom plate of the laminar box during the hoisting process, a short side triangle stiffening rib was set up to enhance the rigidity of the bottom plate. On the two side faces parallel to the shaking direction, two portal-type frames, each made of the two upright columns and X-type hollow steel pipes, were installed to restrict the deformation of the soils and box perpendicular to the shaking direction. Each column contacted the box through roller bearings, reducing the friction between the columns and the box. Additionally, the bearings could be fine tuned to limit the deformation of the box. On the two side faces perpendicular to the shaking direction, two groups of fixed axes were separately set up on the top and bottom of the box, in which a thickness-adjustable steel plate could be embedded to avoid bending deformation of the box and soils.
Instrumentation.
To study the dynamic response of the structure and the dynamic soil-structure interaction, 32 accelerometers, 46 strain gauges, and 12 soil pressure gauges were used in this test. e accelerometer was TLD393B04 produced by PCB Piezotronics, Inc., with a sensitivity of (±10%) 1000 mV/g, a measurement range of ±5 g·pk, and a frequency range of (±5%) 0.06 to 450 Hz. e strain gauge was a strip-like uniaxial strain gauge with a length of 8 mm. e soil pressure gauge was full-bridge sensors with a diameter of 25 mm, a thickness of 7 mm, and a measuring range of 50 kPa. e data acquisition instrument with 64 channels was produced by DEWETRON, and the rates of sampling for strain and accelerometer acquisition used in this test were 500 Hz.
Test Design
Similitude Ration.
e prototype structure is a largespan column-free subway station with a height of 14.41 m and a width of 22.70 m. Limited by the dimensions and the bearing capacity of the shaking table, a model structure was adopted in the test. To possibly ensure that the model structure reflects the dynamic performance of the prototype structures, the similitude ration of the model structure, including geometry, material properties, and dynamic characteristics, should be determined. However, it is difficult to make all the parameters satisfy the scale factors for both the structure and the composite foundation.
Herein, the scale factors of the elastic modulus, geometry, and acceleration were first determined as the basic parameters, while the scale factors of the other parameters could be deduced from the three basic parameters according to the Buckingham Law [22] . According to the size of the shaking table, the geometry scale factor was set as 1/30. e elastic modulus scale factor was 1/4, and the acceleration scale factor was 1. e scale factors of the model structure are listed in Table 1 .
Model Structure.
To present the nonlinear mechanical properties of the reinforced concrete in the experimental test, microconcrete and galvanized steel wires were used as the structure material. e microconcrete consisted of coarse and fine aggregates, that is, gravel with a particle size of 2.5 mm∼5.0 mm and sand with a particle size of 0.315 mm∼2.5 mm. According to the scale factor, the mix proportion for the microconcrete was determined. Meanwhile, the properties of the microconcrete were measured through a series of material tests, and the scale factor of elastic modulus was adjusted according to the results of the material tests. e mix proportion and mechanical properties of the microconcrete are listed in Table 2 .
e prototype station has a platform width of 13 m and is column free. According to the geometric scale factor, the dimensions of the model structure were determined, as shown in Figure 3 . Considering the width of the laminar box perpendicular to the shaking direction, the length of the model structure was determined to be 1500 mm. e model structure was sealed with an 8 mm thick organic glass plate to prevent the soil from coming into the model, which stuck on the edge of the model structure with hot melts and was fixed with glass cement around the hole put through the connection wire.
To make the gravity and inertia effect of the model structure in accordance with those of the prototype structure, additional artificial masses were uniformly distributed 
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Based on the reinforcement of the prototype structure and the principle of elastic modulus equivalence, the reinforcement of the model structure was determined, as shown in Figure 4 . ere were three diameters of the galvanized steel wire used in the model structure, Φ 1, Φ 2, and Φ 2.6. e tensile yield strength and elastic modulus of the galvanized steel wire were 165 MPa and 1.21 × 10 5 MPa, respectively, according to the material tests ( Figure 5 ).
Model Soil.
e gravity scale factor of the soil was ignored in this test. e model soil was simplified into two layers based on practical geologic conditions. e top layer was soft clay, while the bottom layer was artificial rock, with a thickness of 0.65 m and 0.58 m, respectively. e layout of the model soil is shown in Figure 6 . e clay used in the top layer was taken on-site in Guangzhou, while the artificial rock materials used in the bottom layer were artificially prepared with quartz sand, barite powder, water, gypsum, and glycerol, with mass ratios of 28.1%, 46.5%, 15.7%, 8.8%, and 0.9%, respectively. e mechanical parameters of the clay and the artificial rock material were obtained through soil mechanics tests (as shown in Figure 7 ) and are listed in Table 3 . Herein, the elastic modulus of the artificial rock material was approximately 6 times that of the clay. e artificial rock material was mixed quickly and evenly in the laboratory and deposited into the laminar box layer by layer, which was later maintained for 48 hours to reach its required mechanical properties. en, the soft clay was placed above the artificial rock layer by layer. Each layer was compacted to a thickness of 15-20 cm. After completing the filling process, the clay was solidified for approximately 20 hours to ensure that the soil parameters were consistent.
Sensor Layout.
Based on previous numerical analysis of the seismic response of the structure, an observation plane was placed at the middle of the model structure to collect data. e collected data included the acceleration of the model structure and soil, the strain of the model structure, and the dynamic soil pressure on the sidewall of the model structure.
As presented in Figure 8 , the accelerometers A1-A13 were placed to study the propagation of the seismic waves in the soil and A14-A16 were placed to record the dynamic response of the subway structure. As shown in Figure 9 , the strain gauges S1-S14 and the soil pressure gauges P1-P6 were fixed on the subway structure.
Test Cases.
ree typical ground motions were selected to investigate the effects of different seismic waves on the subway structure, including the Kobe ground motion from Japan, the El Centro ground motion from the United States, and the Guangzhou artificial wave. e acceleration-time histories and Fourier spectra of the three records are presented in Figure 10 . e shaking direction was parallel to the cross section of the model structure. White noise was input to explore the difference in dynamic characteristics of the model structure Shock and Vibration such as the natural frequency and damping ratio. e ground motions were scaled to six levels, namely, 0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.6 g, and 0.8 g. e loading conditions are listed in Table 4 .
Test Results and Analysis
Boundary Effect Validation.
In the shaking table test for the underground structure, the model box was used to simulate the semi-infinite foundation. However, the seismic wave would be reflected in the boundary of the box, causing offset or overlaid seismic waves during the test and affecting the actual response of the model structure and soil. us, the boundary effect of the model box needs to be verified. Figure 11 presents the time histories of the accelerometers A5-A7 and A11-A13 under the El Centro ground motion with 0.2 g acceleration amplitude. According to Figure 11 , the time-history curves of acceleration at the accelerometers A5-A7 showed the same trend. In addition, the peak values of A5-A7 were 0.10 g, 0.11 g, and 0.11 g, respectively, almost the same as each other. Similar rules could be found from the accelerometers A11-A13. erefore, the boundary effect could be eliminated in the test.
Furthermore, by carrying out the white noise test on the empty model box, the natural frequency of the box was 2.21 Hz. Meanwhile, the natural frequency of the structurefoundation model system tested in the shaking table test was greater than 6.5 Hz. e difference between the natural frequency of the box and the structure-foundation model system indicates that the resonance response between them is insignificant. 
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Overall, it can be concluded that the test design was reasonable and its results were reliable to reveal the seismic response of the model structure and soil.
Acceleration Response of the Model Soil.
e peak acceleration amplification factor is defined and analyzed in the acceleration response of the model soil and structure. It is obtained through the peak acceleration of the model divided by the input acceleration amplitude of the shaking table. Figure 12 presents the peak acceleration amplification factors at different depths in the model soil in cases C6-C8; that is, the acceleration amplitude of the input ground motion is 0.10 g. ere were different variations in the peak acceleration amplification factor in the soft clay or the artificial rock. For the input motion of the El Centro record, the peak acceleration amplification factor decreased from the bottom to the top in the artificial rock, while increased from the bottom to the top in the soft clay. However, for the input motion of the Kobe record and the Guangzhou artificial wave, the peak acceleration amplification factor increased from the bottom to the top in the model soil, reaching 1.349 and 1.214, respectively, of which a larger increment was observed in the soft clay than in the artificial rock. Moreover, because of the richer low-frequency S12 S13 S7 S3 S5 S11 S14 S1 S2 S8 S4 S6 S9 S10
Interface between so clay and artificial rock Shock and Vibration components of the Kobe record, the response of the model soil was more sensitive under the Kobe record, resulting in the largest peak acceleration amplification factor under the Kobe record (as shown in Figure 12 ). Because of the differences in the filtering ability and the hysteretic energy dissipation of the model soil, the peak acceleration amplification factor in different soil layers or under different ground motions was also different. Shock and Vibration 7 acceleration amplification of the input motion increased. In addition, for the acceleration amplification of 0.60 g and 0.80 g, the amplification effect was more obvious, especially in the soft clay. It is thought that shear failure gradually appeared in the model soil as the test proceeded.
Peak Acceleration of the Model Structure.
e peak acceleration amplification factor of the model structure is shown in Figure 14 .
e peak acceleration amplification factor increased with the height of the structure, manifesting the amplification effect of the structure under three different ground motions. In addition, for the input motion of the Kobe record, the peak acceleration amplification factor was slightly greater than those of the El Centro record and the Guangzhou artificial wave, of which the peak acceleration amplification factor under the El Centro record was smallest. e aforementioned phenomena displayed the effect of input motions' frequency spectrum characteristics on the seismic response of the model structure. As shown in Figure 10 , the frequency of the Kobe record was concentrated in the low-frequency range and thus was close to the natural frequency of the structure-foundation model system, resulting in more severe seismic response of the model structure. Moreover, as the model structure was easily deformed with the soft clay, the amplification effect was more evident on the structure buried in the soft clay than in the artificial rock. e peak accelerations of the model structure under the Kobe record are shown in Figure 15 . As the input acceleration amplitude increased, the peak accelerations of the model structure increased. e increment between adjacent acceleration amplitude values increased. Moreover, as shown in Table 5 , the natural frequency of the model structure decreased as the test proceeded, showing stiffness degradation of the model structure. As the roof and middle slabs were located in the soft clay while the bottom slab was placed in the artificial rock, the increment of the peak acceleration in the roof slab was largest, followed by the middle slab and then the bottom slab, indicating larger deformation in the soft clay than in the artificial rock as the test proceeded.
Dynamic Soil Pressure of the Model Structure.
e dynamic soil pressure between the model structure and the soil was measured through soil pressure gauges to investigate the variation of the soil-structure interaction pressure during an earthquake. Figure 16 depicts the dynamic soil pressure amplitude in cases of the Kobe ground motion. e dynamic soil pressure amplitude increased as the magnitude of the input motion increased except P1, and the "U-type" distribution of dynamic soil pressure was clearly observed.
Furthermore, it should be noted that different soil layers had evident effects on the soil pressure distribution. e turning point of the pressure distribution was observed at P4 near the soil interface, and the largest dynamic soil pressure amplitude emerged in the middle of the model structure (P3). Generally, the dynamic soil pressure in the soft clay was larger than that in the artificial rock on account of a different relative rigidity between the soil and the structure. e relative rigidity between the soft clay and the structure is greater than that between the artificial rock and the structure. When suffering the same seismic vibration, a greater relative deformation occurs between the soft clay and the structure, leading to a larger dynamic soil pressure in the soft clay.
Because of the disturbance of the soil during the test and the difficulties in accurately measuring the soil pressure, some of the dynamic soil pressure amplitude shown in Figure 16 had slight errors as the amplitude of the input motion increased. However, these errors only occurred locally and thus did not affect the distribution rules of the dynamic soil pressure. Figure 9 , the strain gauges were distributed in the midspan and support region of the model structure as well as in the soil interface region to investigate the vulnerable components of the subway station during an earthquake. Both the strain of the midspan and the strain of the support region of the structure components, that is, ten regions in total, were selected for analysis. Figure 17 presents the straintime histories of those ten regions of the model structure under the Kobe record. e peak strains as well as the residual strains increased with the input acceleration amplitude, of which the residual strains appeared since the input acceleration amplitude was larger than 0.30 g. It is indicated that the irreversible plastic deformation of the model structure occurred.
Strain Response of the Subway Station Structure. As shown in
As concrete structures usually suffer tensile failure, more attention is paid to the tensile strain of the model structure. Figure 18 shows the tensile strain amplitude on different regions of the model structure under the Kobe record. Because a certain error occurred in the strain acquisition system in case C10, a large strain error appeared in case C10. us, the tensile strain amplitude of case C10 was ignored in Figure 18 . For each component of the model structure, it is evident that the tensile strain amplitude in the support region was larger than that in the midspan region. It is because that the support region of the large-span and column-free station bears much more force as the span increases greater than that of the conventional station, resulting in a larger tensile strain in the support region during the seismic wave. Nevertheless, the tensile strain amplitude in both the midspan region and the support region almost linearly increased as the input acceleration amplitude increased. However, the increment of the tensile strain amplitude in the support region was larger than that in the midspan region, manifesting the irreversible deformation firstly occurring in the support region. Under the input acceleration amplitude of 0.80 g, the largest tensile strain amplitude of 130.2 με appeared in the support region of the roof slab, followed by 100 με that appeared in the bottom support region of the lateral wall. In addition, the tensile strain in the support region of the middle slab was also larger than 100 με. It is indicated that the support 
Concluding Remarks
A shaking table test was conducted to study the seismic response of large-span and column-free subway stations in upper-soft and lower-hard composite strata. From the test data on the acceleration, the dynamic soil pressure, and the strain response and analysis, the main conclusions are drawn as follows:
(1) e test design was reasonable because of the elimination of the boundary effect and of different natural frequencies between the laminar shear box and the structure-foundation model system. e results of the test were reliable to reveal the seismic response of the model structure and soil. Figure 14 : Peak acceleration amplification factor of the subway station structure in cases C6-C8.
(2) e seismic response of the model structure and soil became more severe as the acceleration amplitude of the input motion increased. In addition, the increments of the acceleration, the dynamic soil pressure, and the strain became larger between adjacent cases under the Kobe record, indicating the (3) e upper-soft and lower-hard composite strata had a significant effect on the seismic response of the model structure and soil. Upon the acceleration response, the amplification effect was more obvious in the soft clay than in the artificial rock. In addition, the dynamic soil pressure in the soft clay was larger than that in the artificial rock, and the "U-type" distribution of the dynamic soil pressure was clearly observed, manifesting greater deformation of the subway structure in the soft clay.
(4) For each component of the model structure, the tensile strain amplitude in the support region was larger than that in the midspan region. e support regions of the roof slab, lateral wall, and middle slab were the vulnerable components of the large-span and column-free subway station during an earthquake. erefore, strengthening measures should be applied for these vulnerable components.
e seismic response of the subway station in the composite strata was very complicated because of various uncertainties in different soil layers and soil-structure interactions. It is very difficult to take all factors into account in the shaking table test. Hence, further improvements in the tests and numerical analysis should be attempted in future studies to understand the seismic performance of the largespan and column-free subway station in the composite strata.
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